From 1994 to 2001, Dow Corning studied a waste recycling process to recover direct process residues (DPR) resulting from the production of silicone precursors. Over the course of eight years, Dow Corning constructed and operated a pilot plant, a small scale commercial plant, and a full scale plant. The process reacts DPR with hydrogen and chlorosilane monomers at high temperature and high pressure. The process converted 85% of the DPR to valuable chlorosilane monomers such as dimethyldichlorosilane and methyldichlorosilane. When feeding methyltrichlorosilane, the process converted 30% of the MeSiCl3 to other monomers. Alternate cofeed monomers were tested. By converting waste DPR to valuable intermediates, the technology significantly reduces waste from the basic silicones manufacturing process.
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Silicones
Silicones are a versatile family of man-made polymer materials used in numerous industrial and consumer applications. Silicone fluids are used in cosmetics, power transformers, automobile brake hydraulics, and industrial heat transfer systems. Silicone rubbers are used for high performance industrial and military applications that require superior electrical insulation properties, weather resistance, stability, and nontoxicity. Products as diverse as bathtub caulk, medical tubing, electronic encapsulants, and engine gaskets are based on silicone rubber formulations.
In 1998, Chemical Economics Handbook (CEH) Marketing Research estimated the total global silicones market at a volume of $6.7 billion. 1 Global production is dominated by the American manufacturers Dow
Corning and General Electric, who account for approximately 50% of the global market share. 2 Growth of silicones is approximately 6% per year. 3 Major new production plants were constructed in the 1990's, and further expansions are expected in future.
Chemistry
The starting point for silicones is chemical grade silicon metal. (Although the exact smelting process chemical reaction steps are subject to some expert disagreement, the process can be generalized for purposes here.) The silicon is smelted from quartz (SiO2) in a submerged arc furnace through a series of carbothermic reducing reactions that produce silicon monoxide (SiO) and silicon carbide (SiC) as principal intermediates. These, in turn, react to yield silicon metal and carbon monoxide (CO). Coal, coke, and dry wood are added for carbon sources. The process uses large amounts of energy, and most of the manufacturing cost of the silicon is the energy cost. A typical process is shown in Figure 1 on the following page, from the text of Schei, Tuset, and Tveit. 4 Page 2
Figure 1: Flow Diagram for Silicon Manufacturing Process
The overall reduction reaction for the silicon manufacturing process is: SiO2 + 2 C à Si + 2 CO The next step in the manufacture of silicones is the production of dimethyldichlorosilane (Me2SiCl2 where "Me" is the methyl organic group -CH3). Me2SiCl2 is made from the reaction of methyl chloride and silicon metal in a system known as the "direct process". A typical process is shown in Figure 2 on the following page. 5 The bulk silicon is ground to a fine powder and fed to a fluidized bed reactor (FBR) with methyl chloride gas. The direct process reaction occurs at approximately 300 °C. It is catalyzed and promoted with various additives. The various methylchlorosilane products and byproducts are then separated by distillation.
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Figure 2: Flow Diagram for Dimethyldichlorosilane Production via the Direct Process
The main desired chemical reaction of the direct process is:
Si + 2 MeCl à Me2SiCl2
Silicone polymers are then produced by hydrolysis of the Me2SiCl2.
X Me2SiCl2 + X H2O à [-SiMe2O-]x + 2X HCl
The Direct Process Chemistry
Although Me2SiCl2 is the main desired product, several other chlorosilane monomers and oligomers are produced in side reactions. The byproduct monomers include methyltrichlorosilane (MeSiCl3), trimethylchlorosilane (Me3SiCl), methyldichlorosilane (MeHSiCl2) and lesser amounts of other monomers.
The oligomers include a high boiling mixture of disilanes, silmethylenes, and polysilalkylenes known as "direct process residue" or DPR. All major manufacturers operate a similar process to produce crude chlorosilanes. A typical product distribution is shown in Table 1 MeSiCl3 has only limited value, and DPR is essentially a waste. Despite attempts to minimize its formation, some level of DPR production always occurs.
DPR Composition
DPR consists of disilanes, silmethylenes and polysilalkylenes. Disilanes are those species with two silicon atoms directly connected. Such a disilane specie is 1,1,2-trichloro-trimethyldisilane, MeCl2SiSiMe2Cl.
Silmethylenes are similar molecules, but the silicon atoms contain the methylene group, -CH2-, between the silicon atoms. Such a silmethylene specie is MeCl2SiCH2SiMe2Cl. Higher molecular weight species are generically referred to as "high boilers" because their boiling points are above the disilanes and silmethylenes. They are also called polysilalkylenes.
A typical DPR composition is given below: 8 1.5 The DPR Waste Problem DPR losses have been estimated to cost 4% to 8% of the total raw material cost for dimethyldichlorosilane. 9 Direct process residue can be handled in several ways, and different silicone manufacturers practice different waste disposal technologies.
One disposal method for DPR waste is incineration. 10 To minimize formation of dioxins, incineration temperatures for chlorinated organics are high, and residence times are long. Incinerators are highly regulated by government environment agencies, and public concern for incinerator emissions is elevated.
Regulations have increased, and modern incinerators are expensive capital investments. Chloride value can be recovered from the combustion products (by absorption) to produce aqueous HCl that is recycled to produce MeCl, but this is also an expensive capital investment. Recovery of waste heat is another option to improve incineration as an environmentally responsible alternative, but heat recovery is difficult due to silica dust in the combustion off-gas. Fine silica particulates require expensive flue gas scrubbers. After incineration, the silica solid must be disposed, typically by landfill.
Another disposal method for DPR waste is hydrolysis. DPR is hydrolyzed (or "quenched") with water to form a solid byproduct. 11, 12 An alkali, such as lime slurry, is added to neutralize the hydrochloric acid formed by hydrolysis. This forms solid gels that are suitable for landfill disposal. This process avoids incineration, but does not recover the chloride value or the silicon value of the raw materials. This sort of a quench process is relatively simple and requires low capital investment.
Finally, disilanes can be distilled from the higher boiling species and reacted to yield monomers. Disilanes can be reacted with hydrogen, HCl, or chlorine in a catalytic or thermal cracking process. 13 Although this technology is mature, it has two serious problems. First, it only handles a portion of the DPR stream. Prior to 1994, no process had been demonstrated to handle the entire DPR stream. Since 40% of the DPR is silmethylenes and higher boilers, and since these cannot be recovered, disilane cracking must be practiced with incineration or hydrolysis. Second, the product from disilane cracking is a mixture of low value monomers rich in MeSiCl3. Converting DPR to MeSiCl3 worsens the oversupply of this low value monomer. Thus the cracking of disilanes is of limited utility to solve the DPR waste problem.
Objectives of the Project
The objectives of this project were to scale up a process to recycle DPR internally within the silicones manufacturing plant and to produce a high value product. Such a process offers significant economical Page 6 advantages over the existing waste disposal and recovery processing technologies. The benefits to Dow
Corning are superior environmental performance (reduced landfill waste, reduced waste treatment costs), raw material conservation (recovered chloride and silicon costs), and valuable monomer production.
Because silicon manufacture is an energy intensive process, landfill disposal alternatives result in high energy waste. Thus, DPR recycling also meets the Department of Energy objective to reduce energy usage.
The specific targets of this project were:
• Demonstrate DPR conversion at 85%.
• Demonstrate MeSiCl3 conversion at 30%.
• Demonstrate high value product.
• Demonstrate reliable operation with high on-line time and low rate of mechanical breakdowns.
• Demonstrate DPR hydrogenolysis technology at a commercial scale. 14, 15, 16, 17, 18 A significant breakthrough came when researchers discovered the process for reacting MeSiCl3, DPR, and H2 with an in-situ catalyst present in the DPR. 19 The catalyst was identified as aluminum chloride, AlCl3, which is formed in the direct process from the reaction of aluminum with chlorine species. The aluminum is present in the silicon raw material. The aluminum chloride catalyst is superior in its performance, and unlike expensive palladium and platinum catalysts previously studied, it is absolutely free. company to build the pilot plant on skids in a fabrication facility about fifty miles away from the Carrollton site. These skids were then shipped to the site and anchored to the floor in the pilot plant process tower.
Pilot Plant Construction
The first skids arrived on site in October of 1994. Approximately 80% of the piping was complete when the skids arrived. The remaining piping was installed with the equipment in place. In November, the instrumentation package was installed and tested. Insulation and heat tracing was installed. In December, process tie-ins were completed to transfer feeds to the pilot plant, and the integrated process was pressure tested. Final safety audits were completed, standard operating procedures were written, and final minor modifications were made.
Successful pressure testing proved to be a difficult task. Due to the relatively high operating pressure and the hazardous nature of the chemicals involved, it was imperative to have great confidence in the mechanical integrity and containment of the plant. Lack of experience in the Page 10 design of high pressure systems resulted in several minor problems in the initial design and construction of the facility. Although the issues were individually minor, they resulted in numerous leaks that were discovered during pressure testing. New procedures were then developed for systematically locating these tiny leaks, and new design and construction techniques were developed to repair them. Many of these procedures were completely new to Dow Corning.
Pressure testing eventually took three months to complete, but the effort was very valuable.
Refining the design standards and construction techniques at this early stage proved to be prudent in the long run, as during the life of the small pilot plant, there were no leaks of hazardous fluid due to fundamental pipe design or installation errors.
Pilot Plant Commissioning
The first commissioning activities began in February, 1995. The hot oil system was started up, and shortly thereafter, it was discovered that the heater was undersized. A new heater was ordered, but this resulted in a delay of about six weeks. Additional problems were discovered in the low pressure valves. These were corrected, and the commissioning of the oil system was completed in April.
Chemicals were first introduced to the unit in April of 1995. DPR was filtered in the pilot plant prior to introduction to the reactor. The first high pressure feed to the reactor was initiated with a two day experiment in May, 1995. By this time, all commissioning activities were completed.
Pilot Plant Operational Studies and Optimization
The first two experiments were conducted in June, 1995. During these initial experiments, DPR
conversion was approximately 75%. Methyltrichlorosilane conversion ranged from 27% to 33%.
Feed rates approached the design basis for the pilot plant. These results were very close to the project targets.
However, a significant problem was experienced in the second experiment. The product recovery system became plugged. Process modifications made to overcome the plugging problem yielded mixed results. Further modifications were made in July and August, but resolution of the product recovery plugging problem proved to be a difficult technical issue. The pilot plant continued running in short campaigns to test various modified process configurations intended to overcome the plugging of the product recovery unit.
During the tests of different product recovery systems, the plant equipment was repeatedly disassembled and reassembled. This allowed atmospheric moisture to enter the system, which subsequently contributed to a slight acid attack on the materials of construction. This mild acid corrosion was aggravated by the operating conditions of high pressure and temperature and by the Page 11 presence of hydrogen. Three failures of piping components were eventually discovered in areas of high mechanical stress. The mode of corrosive failure in chlorosilane service was known by Dow
Corning, but was not expected in this system. Various experts in metallurgy were consulted to review the failures. The pilot plant team created new corrective action plans and management plans to mitigate the risk of catastrophic piping failure due to this corrosion mechanism. Test coupons were installed to study the process and to select materials for later plant scale-up.
In September of 1995, another significant setback was experienced. Solid polymers were discovered in the reactor vessel itself. These deposits plugged the reactor and prevented operation of the pilot plant. The solids could not be dissolved, and the system was shut down for cleaning.
Due to the significant problems experienced through October of 1995, the project engineers decided that a fundamentally different reactor and product recovery design would be required for the full scale plant. With due consideration of the technical risks associated with a large scale-up in the face of the issues then unresolved, an intermediate scale-up step was proposed and accepted.
Accordingly, the project team was split into two groups. One group began design of an intermediate scale system. The second group worked on cleaning the plugged pilot reactor and modifying the pilot system so that it could be operated in the interim period until the intermediate scale system could be designed and constructed.
From November of 1995 to January of 1996, numerous changes were made to the pilot plant to improve reactor mixing and to test new product recovery technology. Shift work resumed in January, and the pilot plant was restarted to test the design changes. Additional changes were made to test the effect of feeding new monomers with DPR. Some test reactions were made in the laboratory. Further laboratory work analyzed the reactor solids to learn more about the reaction mechanisms that caused the solids formation.
In February of 1996, two successful campaigns were completed. High DPR conversion was achieved, and product distributions were very favorable. The new monomer feed modes proved to have significant and unexpected benefits for product distribution. 20 Additional laboratory work confirmed and extended the results. Eventually, three additional patents were filed in the area of Page 12 DPR hydrogenolysis, 21, 22, 23 and four more patents were filed in related areas of DPR conversion chemistry. 24, 25, 26, 27 Further campaigns in March yielded record high conversion of 86% and progressively longer periods of sustained operation between shutdowns. Product recovery plugging was solved with the modifications made in the late autumn/early winter redesign. The significant challenge remaining was polymerization in the reactor itself.
In April 1996, the pilot plant was shut down due to planned maintenance in the adjacent commercial FBR plant. The opportunity was taken to inspect the reactor vessel for corrosion and to remove and inspect various corrosion coupons. At that time, a significant crack was discovered in the reactor head. The crack was repaired, and plans were made for a final campaign. In May, several attempts were made to restart the pilot plant, but these were abandoned when the feed pump failed. This was the final attempt to operate the pilot plant. Several feed tanks were removed from the tower and reinstalled for use on the intermediate scale plant. In the summer of 1997, the pilot plant was decommissioned. Equipment remaining after salvage was demolished or abandoned insitu in a safe state.
Pilot Plant Results
The final results of the pilot plant operation were as follows:
• DPR was converted at up to 86% efficiency.
• MeSiCl3 was converted at up to 33% efficiency.
• High value product was consistently recovered. New monomer feed technology was demonstrated.
• Reaction conditions and side reactions were studied in the laboratory and pilot plant.
• DPR filtration was demonstrated.
• Product separation and recovery were optimized. Product recovery problems were overcome.
• Capacity testing was completed.
Significant technical questions and problems remained:
• Reliability was generally poor; the longest pilot plant campaign was just over three days.
• Several areas of the plant suffered corrosive failures.
• Polymerization in the reactor created stubborn plugging that shut down the process and limited operating time. 
Pilot Plant Commercialization Plan
The pilot plant results demonstrated that the fundamental reaction chemistry worked at a scale approximately 500 times larger than the laboratory reactor. However, significant problems were discovered with product recovery, corrosion, and reactor solids. These problems presented sufficient technical uncertainties that the commercialization plan was significantly changed. By
October of 1995, it was judged imprudent to scale up immediately to a full sized commercial plant. 
Intermediate Scale (1997-present)
The intermediate scale process has previously been described as an intermediate scale commercial reactor and a large pilot plant. In reality, it is both. The reactor is integrated with a small, but fully operational basic methyl chlorosilane production plant in Carrollton, Kentucky. This unit is the oldest and smallest of three commercial processes operating at the site. Installation of the DPR hydrogenolysis reactor allowed the technology to be tested in a small plant without risking larger business assets due to problems with quality or reliability.
The reactor started up in October, 1997, and continues to operate today. Several modifications have been made to the system to increase capacity and allow the same process to react significantly higher amounts of DPR.
Intermediate Scale Process Design
Part time design on the intermediate scale process began in late 1995. In October of that year, a preliminary technology package was written. The design was reviewed with manufacturing personnel, finalized in December, and presented to a contract engineering firm in January 1996.
Piping and instrumentation diagrams were completed in December, 1995, and HAZOP studies were completed in January, 1996. Equipment was specified and ordered. Plant layouts were developed.
Intermediate Scale Detailed Design and Procurement
In February, 1996, the completed preliminary design package was issued for detailed design. The project was executed on a "fast track" schedule. By early May, all the major equipment was on 27 Wood, US Patent 6,013,824.
Page 14 order, and the critical path was determined to be delivery of the reactor. A larger volume hydrogen supply contract was executed in August.
Intermediate Scale Construction
The first construction packages were issued in June 1996. The filter area process tower modifications were completed in July, and the reactor area steel structure was completed in
November. By the end of 1996, all equipment had been received at the site except for the reactor vessel. The new hydrogen supply and the reactor were both installed in January, 1997.
Intermediate Scale Commissioning
A start-up team was assigned in December, 1996. Training for the engineers was completed by January, 1997. Standard operating procedures were written by the startup engineers. Although supported by engineers, this plant was operated by the regular technicians from the manufacturing plant. Plant technician training was completed in April, 1997.
Due to the long procurement time for the reactor, sub-systems were started up in sequential order.
The first system started up was the filter, which was commissioned in April, 1997. The oil heating system was commissioned one month later. Several problems were discovered with high pressure piping components. Among these, the worst problem was leaking valves. This situation was discovered in May of 1997, but not ultimately resolved until September. The first feeds to the reactor commenced in early October, 1997.
Intermediate Scale Operation and Optimization
The start up engineers supported the intermediate scale operation The ratio of monomer to DPR feed was varied to test the effects. Results were analyzed, but the effects were difficult to measure directly. Sampling the high pressure system was difficult and hazardous. Online analysis of product distribution was feasible, but very difficult. Long term analysis of the train monomer output was used to determine DPR conversion and product composition. Broad optimum ranges of monomer feed ratios were defined.
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The amount of in-situ catalyst necessary was measured and optimized. Various operating strategies were tested. The limits of minimum catalyst were determined by co-feeding distilled disilanes without catalyst to see at what level the reactivity was lost. Operating strategies were developed to maximize overall DPR waste consumption.
Reactor residence times were calculated. Feed rate trials were conducted to test various subsystems and determine their capacity. Heat transfer was studied, and energy inputs and outputs were calculated or estimated. Thermal losses and heats of reaction were calculated. Heat transfer coefficients were calculated for various heat exchangers and the reactor heat transfer area.
The mode of product recovery from the reactor was optimized, and reactor fluid was withdrawn in various physical phases. Through several experiments and several months of optimization, a superior mode of product removal was developed. Through this effort, a mode of operation was discovered that eliminated solids plugging downstream of the reactor in transfer piping and distillation equipment. This was a serious concern unresolved from the pilot plant. The new modes of operation and new automation/control strategies eliminated this problem in the intermediate scale system.
Intermediate Scale Results
During the time period of October of 1997 to July of 1998, DPR conversions of 60% to >90%
were achieved for sustained periods of operation. Various system parameters were optimized. The start-up team was disbanded, and the process was handed over to normal plant operating personnel.
The final results of the intermediate scale operation were as follows:
• DPR was converted at greater than 90% efficiency for sustained campaigns.
• High value product was consistently recovered.
• Small scale commercial operation was demonstrated.
• Integration of the technology with an entire basic process train was achieved.
• Reliability was greatly improved compared to the pilot plant.
• Polymerization was greatly improved compared to the pilot plant.
• Corrosion mechanisms were understood and controlled.
Intermediate Scale Commercialization Plan
Subsequent to the original scope of work for this cooperative project, the entire Carrollton intermediate scale DPR conversion system was modified and "stretched" so that its capacity now significantly exceeds the original design feed rates. The plant is still operating to recycle as much Page 16
waste as possible, and it provides a very significant benefit to the entire Carrollton, Kentucky, operation.
There are still several challenges and operating difficulties for the intermediate scale reactor.
Compared to other chlorosilane processes on site, the ongoing maintenance costs are comparatively expensive, and although it is improving, mechanical reliability is still below desired levels. The process still requires full time assignment of one engineer to maintain reliable operation. Solids formation in the reactor continues to be problematic, but incidents of serious plugging are gradually fewer as learning increases and better modes of operation are implemented. Mild corrosion in the reactor system has continued, but the mechanism of corrosion is well understood now. Although the consequences of a corrosive failure are high, the procedures to prevent, detect, and repair corrosion damage in the reactor are well developed so that the probability of a significant occurrence and residual risk are reduced to an acceptable level. During the last inspection, relatively little damage had occurred, and repair requirements were minimal. Optimum materials of construction were determined from the intermediate scale, and these were specified for the full scale plant design.
The present unit in its "stretched" configuration has sufficient capacity for the present requirements at the plant. The reactor is continuously improved through experimentation and optimization. The system is now yielding a high economic return for the site. Significant new technology from the intermediate scale reactor was incorporated into the design for the Barry full scale reactor system.
In turn, results from the Barry system will be reviewed in the future after that system has been optimized, and appropriate new technology from that plant will be transferred to Carrollton.
Full Scale (1997-present)
As originally envisioned, the full scale plant was to be installed in Carrollton, Kentucky, and to be started up in 1999. Prior to the actual commencement of the project, however, corporate long range global planning studies determined that it would be more desirable to install the full scale plant at Dow Corning's Barry, Wales, (UK) facility, where a major silicones production expansion was then in the design phase.
Additionally, on-site landfill space in Barry was limited and virtually full, and there was a strong desire by company management to minimize waste for the new expanded facility. As the largest and newest silicones plant in Europe, it was projected that the superior DPR conversion technology would yield the best economic and waste reduction benefits at the Barry facility.
Full Scale Preliminary Engineering
Preliminary design of the full scale reactor began in January, 1997, with initial process safety studies of the reactor system. Factored cost estimates and simple block flow diagrams were completed in March. In April, 1997, additional engineers from the process engineering department Page 17
were assigned to create mass and energy balances and to study various process design alternatives.
In July, the project was transferred to the Corporate Facilities Engineering Department in Midland, Michigan, to develop a Front End Package (FEP) for the engineering and construction contractor in Great Britain. At the same time, the Carrollton lead engineer relocated to the UK to preserve the continuity of project 'corporate knowledge' as the project design leader in Wales.
Detailed process flow diagrams (PFDs) and piping and instrumentation diagrams (P&IDs) were completed by Facilities Engineering in October of 1997. A Quantitative Risk Assessment (QRA) was completed. This detailed safety study showed that offsite hazards related to the reactor process were minimal. In November, the reactor purchase specification was written. In December, inquiry packages were issued for the purchase of the reactor vessel. In January of 1998, the HAZOP study was conducted. In February, advances in the technical understanding of the Carrollton intermediate scale reactor operations allowed the scope of the full scale Barry plant to be reduced. This resulted in a projected capital cost savings of $4 million. The reactor vendor was selected, and important changes to the reactor materials of construction were agreed upon with the fabricator. In March, the engineering group in Michigan began assembling the FEP. The draft FEP was issued in April, and a final package was issued in August of 1998. With this handover, all design efforts in the USA were complete, and all future design was completed in Wales.
Full Scale Detailed Engineering
In July and August of 1998, design changes were recommended to reduce the capital cost of the process. Implementation of these changes began in September. Additional scope changes were recommended in October and November based on further operation of the intermediate scale reactor in Carrollton, and in December, design changes resulting from advancements in the Carrollton process finally outpaced design progress in Barry. Project cash flow was also constrained. For these two reasons, the entire capital project in Barry was suspended to await further results from the Carrollton reactor.
Barry design resumed in April of 1999. Due to the rate of design change initiations, it was decided to complete the detailed design internally, rather than to use an external engineering firm. Internal design was deemed to be more flexible and less expensive, albeit generally slower. Contract chemical engineers, mechanical engineers, and piping designers were hired to staff the project.
Electrical designers and instrumentation engineers followed. By mid-1999, approximately thirty full time designers were working on the project. Further design changes from Carrollton were incorporated in July, August, and September. In September, the P&IDs were finalized for the reactor area, and the process design scope was essentially frozen. Piping layouts began in August, and by October, a three-dimensional layout review was held.
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Due to the long fabrication time required, the reactor vessel was ordered in March of 1998. Other critical components directly attached to the reactor were also ordered so that their design and fabrication could occur simultaneously. Procurement of the rest of the process equipment began in October of 1999. The high pressure pump specifications were sent out for inquiry. Quotations were received from bidders for the hydrogen supply.
Also in October, the building permit application was reviewed. No significant concerns were raised during the review, and in November, formal planning permission (equivalent to a building permit) was received from the local authority.
In November and December of 1999, the filter system was redesigned. To reduce costs, an existing system was upgraded rather than constructing a new system. P&IDs were completed, and the HAZOP was completed in December.
In January of 2000, the project estimator and the discipline lead engineers completed the project cost estimate. Based on the revised scope, a capital authorization request was submitted to Dow
Corning corporate management for the final project funding. The final estimate was $2 million less than the scope that was reviewed in August of 1998. In February, orders were placed for all the remaining reactor area equipment. Orders were issued for the heat exchangers and hot oil pumps, and valve deliveries from two suppliers were reviewed. These deliveries were determined to be critical to the project schedule. DPR slurry pumps were also purchased, as delivery of these pumps was also determined to be critical to the project schedule.
Final design reviews of the reactor plant model were completed with project and manufacturing personnel in April, 2000. In May, reactor fabrication was completed at the vendor's factory, including final welds and painting. A fit test was conducted at the fabrication facility, and the reactor was shipped to Barry. The vessel was installed in the tower during the last week in the month.
In June, the design approached completion, and various engineers were redeployed to other projects. Hand-over of the project to part-time startup engineers began. Most of the design packages were issued to construction subcontractors. A low level of piping and instrumentation/electrical design continued as the final project details were being resolved. A project archive was established, and engineering documents were transferred for future reference by the startup team.
Full Scale Construction
Construction began in October of 1999, when the pile caps were dug and poured. Ground beam installation began the following month, and by January of 2000, the reactor building ground slab and floor were finished. The storm sewers were finished in February, and access roads were built.
In March, steel erection began. The reactor vessel was installed in the tower during the last week in May, and the following month, the reactor tower steelwork was completed.
Off-site subcontract procurement and fabrication of pipe work began in June of 2000, and equipment and instrumentation began arriving onsite. By August, all major equipment was delivered, and piping of the heating system and reactor feed system began. In September, all major equipment was installed in the reactor tower. Mechanical and piping installation in the reactor tower was essentially complete by the end of the year.
The filter upgrade construction proceeded into the autumn of 2000, and was complete by the first week in December. The small volume hydrogen supply was installed in February of 2001.
Full Scale Commissioning
In During commissioning, a few minor equipment and operational problems were experienced. Two high pressure relief valves failed and were replaced with valves of a different design. Several hot oil system flanges were re-machined to achieve leak-proof service. Surging of a DPR pump was corrected with modifications to the operating procedures. One heat exchanger did not achieve its design temperature, but reactor operation appeared satisfactory despite this deficiency.
Full Scale Operation and Optimization
Operating time as of September 30, 2001, is limited. The reactor consumed 47 metric tons of waste DPR in May, and 60 metric tons in June. Complete product flow rate and composition data was not available for these campaigns. In July, on-line instrumentation was commissioned and
Page 20 calibrated to measure the product flows and compositions. DPR conversion during the campaign July was calculated to be 93%. Unfortunately, due to site operational constraints unrelated to the new DPR recovery process, the campaign was curtailed. The process was not operated in August or September.
The filter operation was proven to be adequate. In July, a short campaign was completed to demonstrate filtration above design limits.
Full Scale Final Results
The final results of the full scale plant were as follows:
• DPR was converted at greater than 90% efficiency for brief campaigns.
• High value product was recovered.
• Full scale commercial operation was demonstrated.
• Polymerization and corrosion were not observed, but as of September 30, 2001, operating time was not yet sufficient to judge this conclusively.
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ENERGY AND WASTE BENEFITS

Basis of Analysis
Silicones manufacturing technology is closely held by competitors in the industry, 28 and information concerning production capacities, process efficiencies, product distributions, and similar parameters is not generally divulged by silicones manufacturers. In keeping with this practice, estimated benefits in this report are based on the following information and methodology:
• Previously published data from open literature marketing reports, patents, and texts are used wherever possible.
• The conversion efficiencies from DPR hydrogenolysis technology are taken from patent literature or disclosures within this report.
• Alternative technologies such as quenching are evaluated from information in patent literature.
• Direct process selectivity to dimethyldichlorosilane and DPR are based on reported values disclosed in literature.
• Capacities for the global estimates are based on marketing reports. Waste and energy benefits are then calculated for the total global industry, using published values and author's estimates as various inputs to the algorithms described herein. Specific details and assumptions are listed in the Appendix to this report. While this method provides reasonable results for the values utilized while concurrently protecting Dow Corning interests, it also allows the application of other values (that may be closely held by others) to assess potential benefits from adoption of the DPR recovery technology at a specific facility.
Magnitude of the DPR Waste Problem
Marketing agencies periodically assess the size of the silicones market. In 1998, production was estimated at 855,000 metric tons of silicone hydrolyzate. 29 All of this product is made from dimethyldichlorosilane from the direct process. In 2001, the present global production of dimethyldichlorosilane is estimated to be approximately 3.9 billion pounds per year. SRI International estimated the annual growth rate at 6% per year from 1995 through 1998. 30 Assuming a constant 6% growth through the next decade, and a dimethyldichlorosilane/ hydrolyzate reaction ratio as noted in Appendix assumption set #8, the projected dimethyldichlorosilane production will be approximately 6.6 billion pounds per year in 2010.
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For each pound of dimethyldichlorosilane produced, a fraction of the crude product is DPR. Published DPR production rates range from 3% to 8%, 31 but the exact performance figures for each facility are not published, and individual plant efficiencies are expected to vary among the different producers. The amount of silicon discarded by the entire industry may be derived from the DPR. In the interest of simplification, DPR is considered to consist entirely of Cl3Si2Me3. A simple molecular weight calculation then results in a silicon fraction of about 27 wt.%. This waste will amount to approximately 96 million pounds per year of lost silicon metal in 2010, assuming the continuation of current disposal practices.
Current vs. Proposed Technology
Various DPR treatment and disposal alternatives currently exist. The alternative employed at a particular manufacturing site varies according to the technology practiced by that manufacturer. DPR can be quenched with water and alkali to yield a solid waste siloxane gel product suitable for solid landfill disposal. DPR can also be incinerated to form a solid waste silica product. This process is difficult due to the formation of glassy solids and the potential to form highly toxic dioxins. Incineration likewise creates a solid landfill material.
Certain processes already exist for partial recovery of DPR. For example, the DPR disilane fraction can be distilled and then "cracked" with chlorine, hydrogen chloride, or hydrogen. This has several disadvantages, however. First, the disilanes constitute only about 60% of the DPR, so 40% of the DPR is not recovered and must be quenched or incinerated. Second, the product formed from cracking has very low economic disilane separation and cracking. These factors of low recovery, low economic value, and high processing costs make disilane cracking far less desirable than DPR hydrogenolysis, as discussed in this report.
Conversely, the DPR hydrogenolysis process has shown feasibility to recover 85% of the DPR as useful chlorosilanes, and is preferred to the alternatives discussed above due to its high rate of product recovery, high economic payback, and significant reduction in waste generation. DPR hydrogenolysis also offers other advantages. For example, with the improvements discovered in 1996, the co-feed monomer can be varied among MeSiCl3, MeHSiCl2 and Me2SiCl2 to convert DPR and balance the overall monomer ratio from a basic silicones plant. This one-step process was patented by Dow Corning during the course of this project.
Market Penetration
DPR hydrogenolysis capability has been installed at both of Dow Corning's major basic plants. The technology is being optimized to consume as much DPR as possible and to minimize waste and maximize economic value. SRI International has estimated Dow Corning's 1998 market share to be 66% of the US production capacity for dimethyl silicone hydrolyzate and 42% of the total global supply. 35 With the technology and equipment capacity presently in place, and with future anticipated expansions, it is expected that DPR hydrogenolysis technology implementation will account for Dow Corning's full share of the US and global silicones market in the near future.
While Dow Corning is willing to license this technology to other dimethyl silicone manufacturers, investments in existing high capital cracking and chlorosilane incineration processes make it likely that alternative technologies will continue to be utilized to some degree for several years in the future. With due consideration of these factors, it is estimated that, by 2010, DPR hydrogenolysis technology will be used by 78% of the silicones production market. This level of market penetration is assumed in energy and waste savings calculated below.
Energy and Waste Savings
As discussed in Section 4.3, various methods of DPR disposal are available to the global silicones manufacturing community, depending upon the prevailing local environmental regulations and economic factors. However, for the purpose of simplifying the energy and waste calculations in this report, alkali quenching with lime slurry is assumed. This chemistry is believed to be the main US alternative employed for DPR disposal.
As discussed in Section 4.2, it is anticipated that there will be a need to process recovery factor of 85% and a market penetration of 78% yields a net potential recovery of slightly over 66% of what would otherwise be discarded. Thus, in the year 2010, the total DPR recovered from this new technology is estimated to be approximately 235 million pounds, which contains approximately 64 million pounds of silicon. Of interest is what this material represents in terms of potential energy savings and avoided environmental discharge.
Energy Savings
Silicon production is a very energy intensive process. Electricity usage alone is approximately 6.6 kWh per pound of silicon. Coal, wood chips, and coke add carbon to the quartz to reduce the oxygen to carbon monoxide, silicon monoxide, and silicon carbide. Additional energy is required to manufacture the electrodes, which are consumed during the silicon smelting process. A table of energy usage distribution is shown below 36 : Page 25
On the other hand, the DPR hydrogenolysis process for recovering DPR uses relatively little energy, requiring only 2,721 BTU/lb of silicon recovered. The high waste conversion rate and low energy usage yield high energy savings for this technology. Potential energy savings are calculated in Table 4 below. Although the case here is based on quenching DPR, comparison to incineration might yield more favorable energy savings, since high temperature combustion sometimes requires additional fuel and because heat recovery of incinerated silanes is technically difficult due to silica fouling. In any case, the potential yearly energy savings of 6.8 X 10 12 BTU due to silicon recovery alone is considerable by any measure.
Waste Reduction
The DPR is quenched with lime and landfilled as solid siloxane waste. Calcium chloride salt is produced and must be landfilled or flushed out with wastewater. As before, application of a process recovery factor of 85% and a market penetration of 78% (and appropriate units conversions) yields a net potential recovery of slightly over 66%, leaving the remaining 33% subject to traditional disposal methods. Waste reduction is shown in Table 5 on the following page:
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BUSINESS CONSIDERATIONS
Economic Attractiveness
Metallurgical grade silicon contributes the greatest share toward the variable cost of basic chlorosilane intermediates with the high energy cost associated with silicon production being the major manufacturing cost. Another significant contributor to variable cost is the loss of chloride due to process inefficiencies, e.g., chloride loss as salt in the lime quenching of DPR. The cost to landfill the solids from the quenching is also considerable. Reduction or avoidance of these costs provides significant economic incentive for implementation of DPR hydrogenolysis technology.
Net Present Value Analysis
To demonstrate the economic benefit of this technology, a net present value (NPV) analysis was performed. Since the cost structures and process efficiencies of the silicones producers are closely held industrial secrets, 37 published costs and efficiencies were used to perform this analysis. For the basic analysis of a single "theoretical" large scale hydrolyzate plant, a 100,000 metric ton per year silicones plant size was chosen. The operating efficiencies and economics for three DPR disposal alternatives were compared: 1) hydrogenolysis, 2) quenching, and 3) off-site incineration (i.e., toll incineration). The basis is an existing operating facility with an existing onsite quencher or existing off-site toll incineration facility. The economics would improve further if the capital costs of these other waste disposal alternatives were added for a green field site analysis.
A 15% internal rate of return (IRR) was assumed. For full details, see the relevant assumptions and calculations provided in the Appendix. Summary results are shown in the table below. Hydrogenolysis requires a high initial capital investment, but provides a positive cash flow and positive net present value. The relative net present value is also shown above as the difference between hydrogenolysis and the other alternatives.
A sensitivity analysis was also performed to show the effect of certain economic variables. Figure   4 , on the following page, shows the effect of economy of scale. For very small plants, the high capital cost outweighs the payback in raw material savings. The same effect is true for the rate of DPR production. As the rate of DPR production is varied from 1% to 10%, very low DPR rates create negative net present value. Higher rates create very favorable NPV. The decision point (at 15% IRR) is between 2% (relative NPV) and 4% (absolute NPV) DPR production rate. DPR generation above this threshold makes the investment attractive from a financial viewpoint.
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Economic Sensitivity to Plant Size The price of dimethyldichlorosilane also affects the economic analysis. At very low silicon and methyl chloride prices, the economic incentive to recover waste is eroded. The decision point for a 100,000 metric ton siloxane plant (15% IRR) at 4.5% DPR rate is approximately 25 cents per pound. At Me2SiCl2 costs significantly below this amount, it is more economically favorable to quench DPR and landfill the waste. 
Economic Sensitivity to Me2SiCl2 Price
Other Business Considerations
Compared to disilane cracking technology, DPR hydrogenolysis offers higher conversion (85% versus about 60%) and more favorable product monomer distributions. 43 By using alternative monomer co-feeds (as described in US Patent 5,606,090), it is possible to adjust the output of the direct process to match product demand. By varying the co-feed monomer, the net monomer distribution from the DPR conversion process can be varied in the ranges of 0% to 39% MeSiCl3, 1% to 64% Me2SiCl2, and 0% to 49% MeHSiCl2. 44 Up to 16% Me2HSiCl can be made when this monomer is in high demand. The high conversion and flexibility provide significant advantages over potentially competing technical alternatives.
Policy/Regulatory
Future chlorine emissions, even in the form of inorganic salts, are likely to be regulated more stringently than is the current practice. Incineration is especially a concern due to the possibility to form dioxins from the combustion of organic chlorides. Solid waste landfill is also likely to become more heavily regulated in the future. 
Industrial Competitiveness
All domestic and international silicone producers have the same problems associated with the DPR. Each producer's environmental costs will continue to escalate, with further need for landfill space and the potential for escalating environmental regulation. Without the novel waste conversion technology developed by this project, silicone producers will be at a significant cost disadvantage in manufacturing methyl silicones.
Commercialization plans
Dow Corning has installed full capability to utilize this technology at the Barry, Wales, facility, and is expanding its intermediate scale facility at the Carrollton, Kentucky, site to maximize its waste recycling
Page 31 capacity at those plants. Thus, with Dow Corning's current and anticipated implementation alone, the technology may soon process DPR for 66% of US silicones market and 42% of the global market. 45 It is hoped that this technology will be adopted by others in the industry under licensing agreements with Dow Corning.
Foreign Trade
Almost forty percent of all silicones are manufactured in the United States. Table VI; lines 19-31. minors = 5% (estimate by author of this report) T/D = 0.085 (middle of range of data reported; "T/D" is the ratio of MeSiCl3:Me2SiCl2) DPR = 4.5% (middle of range of data reported) Note: These two references are used to set the global DPR rates. They are selected as general references from the industry. US 4,500,724 is an expired patent now in the public domain. This is a 96 hour continuous operation example claimed by the inventers to show "satisfactory dimethyldichlorosilane production rate while maintaining a high degree of selectivity…." 
